In the past, laboratory tests were considered of limited value in Crohn's disease (CD). In the era of biologics, laboratory tests have become essential to evaluate the inflammatory burden of the disease (C-reactive protein, fecal calprotectin) since symptoms-based scores are subjective, to predict the response to pharmacological options and the risk of relapse, to discriminate CD from ulcerative colitis, to select candidates to anti-tumor necrosis factors [screening tests looking for hepatitis B virus and hepatitis C virus status and latent tuberculosis], to assess the risk of adverse events (testing for thiopurine metabolites and thiopurine-methyltransferase activity), and to personalize and optimize therapy (therapeutic drug monitoring). Pharmacogenetics, though presently confined to the assessment of thiopurineme methyltransferase polymorphisms and hematological toxicity associated with thiopurine treatment, is a promising field that will contribute to a better understanding of the molecular mechanisms of the variability in response to the drugs used in CD with the attempt to expand personalized care and precision medicine strategies.
Introduction
Inflammatory bowel diseases (IBDs), including Crohn's disease (CD) and ulcerative colitis (UC), are chronic inflammatory diseases of the bowel, whose etiology is unknown and pathogenesis is attributed to the interaction of genetic susceptibility, environmental factors (smoking, diet, infections), and the gut microbiota, which results in an uncontrolled immune response leading to mucosal damage. Both diseases are characterized by a peak incidence in young adults (20-30 years) , chronic relapsing course, and the presence of intestinal (diarrhea with mucus and/or blood, abdominal pain, perianal fistulas, bowel obstruction), constitutional (weight loss, fever) symptoms, and complications and extraintestinal manifestations. While UC is confined to the mucosa of the colon, CD can affect any segment of the gastrointestinal tract from mouth to anus and is characterized by focal, asymmetric, transmural, and, occasionally, granulomatous inflammation. The assessment of disease activity in UC involves mainly clinical and endoscopic findings integrated by laboratory tests, while it is more complex in CD where imaging is a major tool and symptoms are related not only to inflammation but also to fibrosis and the confounding irritable bowel syndrome (IBS) component.
Laboratory markers have been investigated in CD, with the aim of objectively assessing disease activity, since clinical indices are subjective, and, if possible, to avoid repeat invasive diagnostic tests.
In the past, laboratory markers were underestimated because of their low specificity. The development of biological drugs has renewed the interest in biomarkers, especially C-reactive protein (CRP), in the attempt to select patients potentially responding to these drugs.
An ideal test should be technically simple, low cost, and reproducible. It should be sensitive and specific enough to discriminate a disease from differential diagnoses. It should help in monitoring disease activity and treatment efficacy and predicting relapse and disease course. Unfortunately, these expectations are unmet by available markers.
Biomarkers used in CD are either acute-phase reactants or alterations of blood cells linked to active inflammation or alterations of parameters related to malnutrition [serum proteins and electrolytes, iron, ferritin, total iron-binding capacity (TIBC), vitamin B12, vitamin D]. [1] [2] [3] [4] Renal function tests, liver enzymes, and stool cultures should also be considered at onset or relapse to monitor drug safety or to discriminate intercurrent infections. 5, 6 The presence of antibodies, such as anti-Saccharomyces cerevisiae, can be used for differentiating CD from UC.
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Lactoferrin and fecal calprotectin are neutrophilderived proteins considered specific surrogate markers of gut inflammation. 7, 8 In this review, we will report most of the laboratory tests used in patients with CD both in clinical and research settings, critically evaluating their accuracy and limits (Table 1) .
CRP, Erythrocyte Sedimentation Rate, and AcutePhase Reactants
CRP is a 224-residue protein synthesized by the liver in low concentrations (0.1 mg/L), whose name derives from its ability to precipitate the C-polysaccharide of Streptococcus pneumoniae. 2 Although CRP concentrations increase in response to many physiological conditions, it usually correlates with inflammation, being the most used acute-phase reactant. [9] [10] [11] CRP binds specifically to a wide range of substances derived both from damaged autologous cells and from microorganisms. [12] [13] [14] [15] CRP has a half-life of 19 hours, shorter than other acute-phase reactants; it then increases quickly after the inflammatory insult and rapidly decreases after resolution. CD is characterized by a strong CRP response caused by massive interleukin (IL)-6 release. A serum CRP $ 5 mg/L has a 16, 17 In CD, CRP production correlates with the anatomic location (high expression in patients with ileitis) 18 and the degree of endoscopic and histological severity. 19, 20 Erythrocyte sedimentation rate (ESR), expressing the rate at which erythrocytes migrate through the plasma, depends on plasma concentration and on the number and size of erythrocytes. In fact, diseases affecting the red cell lineage (anemia, polycythemia, thalassemia) influence the ESR values. 21 Increase of ESR with age has been described. 22 ESR values slowly increase as compared to CRP, and take several days to normalize even if the inflammation resolves.
In the study by Shine et al 23 in pediatric patients with CD submitted to colonoscopy, 100% of patients had increased levels of CRP as compared to children with polyps or a normal examination. In the same cohort, ESR was positive only in 85% of patients. A larger study on 203 patients with nonspecific gastrointestinal symptoms showed that CRP was an accurate marker for the differential diagnosis between IBD and IBS. 24 CRP and ESR are used to monitor disease activity. Patients with severe disease more often have increased markers of inflammation, as compared with patients in remission or mild disease. This has been shown in a prospective study by Tromm et al, 25 who investigated biomarkers such as ESR, serum albumin, a1 proteinase inhibitor, blood cholinesterase, CRP, and hematocrit, and correlated these markers with endoscopic activity. The correlation was dependent on the disease site, ESR being often linked to CD of the small bowel. 26, 27 Fagan et al 28 showed that both CRP and ESR correlated well with disease activity but the correlation was better for CRP. This has been confirmed in many other studies. 28 However, there is a significant overlap in CRP values among mild, moderate, and severe disease. Since the range of CRP values is wide, in clinical practice it is more useful to perform serial testing to demonstrate the efficacy of a given therapy.
CRP has been shown to have a prognostic role. Brignola et al, in a prospective study, followed up 41 patients with CD in remission (Crohn's Disease Activity Index [CDAI] , 150) for six months, using a panel of inflammatory markers (ESR, white blood cells (WBCs), hemoglobin, albumin, alpha-2 macroglobulin, serum iron, CRP, alpha-1-acid glycoprotein, and alpha-2-antitrypsin) 29 and showed an increased recurrence rate at two years in those who had higher CRP values. Recently, Louis et al 30 demonstrated that laboratory indices, including CRP ,5 mg/L, hemoglobin level .145 g/L, WBC count ,6.0 × 10 9 /L, and fecal calprotectin ,300 g/g, can be used to select patients with CD in stable remission with combined therapy with infliximab (IFX) and an antimetabolite, in whom IFX can be safely stopped with a low risk of relapse.
A decrease of the CRP value during therapy is an indicator of efficacy. On the other hand, a persistently high value indicates treatment failure. Recent trials on biologics have increasingly used baseline-elevated CRP level as an inclusion criterion to ensure that the enrolled patients have active inflammation. This practice largely stems from results of the Phase II induction studies of certolizumab published in the mid-2000s. [31] [32] [33] The study by Schreiber et al 31 demonstrated a high placebo response rate in subgroups of patients with low CRP and, in post hoc analysis, a significant effect of therapy only in the subgroup of patients with baseline CRP . 10 mg/L. In the further certolizumab induction trial by Sandborn et al 32 and in the maintenance trial by Schreiber et al, 33 patients were stratified according to their baseline CRP level. Among patients with a baseline CRP level of at least 10 mg/L, 37% of patients in the certolizumab group had a response at week 6, as compared with 26% in the placebo group (P = 0.04). The clinical response was maintained through week 26 in 62% of patients with a baseline high CRP.
Fifty percent of patients enrolled to the active ulcerative colitis (ACT) 1 and ACT 2 trials had elevated CRP at enrollment, but changes were not reported as a marker of response to treatment. 34 Other smaller studies on conventional drugs have also included CRP measurement. 35 Other acutephase reactants such as sialic acid, alpha1-acid glycoprotein, ororosomucoid, fibrinogen, lactoferrin, β-2-microglobulin, serum amyloid A, α-2-macroglobulin, and α-2-antitrypsin have been investigated in IBD with conflicting results. For sure, mainly due to the longer half-life of these proteins, they have a lower accuracy than CRP and are not used in routine practice. 36, 37 Finally, β-2-microglobulin is a low molecular weight protein released by activated T-and B-lymphocytes, with an estimated half-life of two hours. A few studies have shown good correlation between β-2-microglobulin and disease activity, 38, 39 although other authors could not confirm these results. 40 
Hematologic Tests
The components of the complete blood cell count can indicate disease activity and iron or vitamin deficiency. An elevated WBC count is common in patients with active IBD and does not necessarily mean infection. High leukocyte count is also common in patients taking steroids due to drug-induced mobilization of marginated neutrophils. Anemia is common, either as anemia of chronic disease [normal mean corpuscular volume (MCV) or as iron-deficiency anemia (low MCV)]. Elevated MCV (macrocytosis) occurs in patients taking azathioprine (AZA) or 6-mercaptopurine (6-MP). Platelet count is frequently elevated because of active inflammation or iron deficiency. The accuracy of platelet count to monitor disease activity has been found low.
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Vitamin B12 and folic acid levels often need to be evaluated as expressions of selected deficiency. Vitamin B12 deficiency can occur in patients who have extensive terminal ileum disease or in patients submitted to terminal ileum resection. Folate deficiency may occur in patients on sulfasalazine, which is a folate reductase inhibitor, and is common in patients taking methotrexate. Folate deficiency is related to increased homocysteine levels and thromboembolic complications. The assessment of nutritional status includes serum albumin, prealbumin, ferritin, and transferrin levels. Hypoalbuminemia may reflect malnutrition due to poor oral intake or protein-losing enteropathy and can be considered a negative acute-phase reactant since decreased levels may be found during inflammation.
Fecal Calprotectin and Other Fecal Markers
Stool samples are routinely collected in CD patients to test the presence of WBCs, routine pathogens, ova, parasites, and Clostridium difficile toxin to rule out superinfections during relapses and before the initiation of immunomodulators. 41 Recently, a number of neutrophil-derived proteins present in stools have been studied searching for a gut-selective biomarker of inflammation, including fecal lactoferrin, lysozyme, elastase, myeloperoxidase, and calprotectin. Fecal calprotectin, a 36-kDa calcium-and zinc-binding protein, is the most promising fecal marker and has been proposed as a noninvasive surrogate marker of intestinal inflammation. 42 Calprotectin represents 60% of cytosolic proteins in activated neutrophils, and its presence in stools can be seen as an expression of neutrophil migration to the gut. Although calprotectin is a very sensitive marker for the detection of gut inflammation, it is not specific enough since increased levels are also found in colorectal carcinoma, infections, and polyps. Fecal calprotectin is stable for more than one week at room temperature and is resistant to degradation. This protein can be measured using commercially available enzyme-linked immunosorbent assay (ELISA) or more recently developed quantitative rapid tests, although the latter are considered less accurate. 43 Early studies in IBD have shown a good correlation with indium-labeled leukocyte excretion and intestinal permeability. 44 Fecal calprotectin levels increase upon exposure to nonsteroidal anti-inflammatory drugs (NSAIDs) as well as with older age. 45 More recently, fecal calprotectin was shown to predict the relapse of CD. [46] [47] [48] In a patient with high pretest probability of endoscopically active disease (eg, 80%), a positive fecal marker could predict that disease is present, and endoscopy could be avoided. A negative result in the same patient would not confidently rule out active disease (ie, 50% posttest probability). Conversely, in a patient with a lower clinical suspicion of active disease (eg, 25% pretest probability), a positive test might provide enough evidence to proceed with further investigations (ie, 50% posttest probability), whereas a negative test almost completely rules out the possibility of active disease. 49, 50 In the study by Tibble et al, calprotectin levels predicted the risk of relapse. At 50 mg/L, the sensitivity and specificity of calprotectin for predicting relapse in patients with IBD were 90% and 83%, respectively. 45, 51, 52 A metaanalysis of eight studies, including 394 pediatric IBD cases and 321 non-IBD controls by Henderson et al, 53 exploring the possibility to reduce colonoscopy rate, found that fecal calprotectin has a high sensitivity but modest specificity for diagnosing IBD in children.
Fecal lactoferrin is another fecal marker. It is an ironbinding glycoprotein expressed by activated neutrophils. In contrast to CRP and fecal calprotectin, the use of fecal lactoferrin has been mainly limited to research, probably because of its shorter stability at room temperature. 54 Fecal calprotectin and fecal lactoferrin have been demonstrated to have better sensitivity than CRP. Langhorst et al 55 investigated fecal lactoferrin, fecal calprotectin, fecal PMN-elastase, and serum CRP in patients with IBD and found evidence that all of them were able to differentiate active IBD from inactive IBD as well as from IBS. None of these three stool markers is consistently superior in its ability to detect endoscopic inflammation, but all three are superior to CRP in their diagnostic accuracy. Schroder et al 56 evaluated the role of fecal markers in identifying gut inflammation and found calprotectin to be superior to lactoferrin and PMN-elastase. Shitrit et al 57 confirmed calprotectin to be the most reliable predictor of abnormal colonic pathology in 72 consecutive patients undergoing colonoscopy.
We have recently assessed 58 the role of fecal calprotectin in the evaluation of patients with chronic diarrhea. Patients were selected carefully, and potential false-positive subjects were excluded, ie, patients with gastrointestinal bleeding, known colorectal or gastric cancer, polyposis syndromes, active infections, recent use of NSAIDs or aspirin, pregnant women, and alcoholics. Three-hundred and forty-six consecutive patients were submitted to a thorough investigation including serum CRP, ESR, stool cultures, and colonoscopy with biopsies. Of the 346 enrolled patients, 242 (69.9%) had a normal colonoscopy, 82 patients (23.7%) had IBD, 1 had ischemic colitis (0.3%), 10 had polyps (2.9%), and 11 had diverticular disease (3.2%). Calprotectin levels were significantly higher in patients with an abnormal colonoscopy (P-value , 0.0001). When we focused on histologic changes alone, calprotectin levels were found to be significantly higher in the patients with histologic inflammation (P-value , 0.001). Using a cutoff of 150 μg/g of stool, fecal calprotectin had 75.4% sensitivity, 88.3% specificity, and 81% and 83% positive and negative predictive values, respectively.
In a meta-analysis of 30 studies, von Roon et al 59 Calprotectin can also be used to assess disease activity in patients with already diagnosed IBD. [60] [61] [62] In patients with
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CD, calprotectin did not correlate with clinical disease activity but significantly correlated with endoscopic activity. In the era of biologics, there is evidence that supports the use of fecal calprotectin for monitoring the response to antitumor necrosis factor (anti-TNF) therapy. Sipponen et al 63 demonstrated a drop in the mean fecal calprotectin levels after therapy with anti-TNF agents and found a moderate correlation between change in the fecal calprotectin levels and change in endoscopic activity using the Crohn's disease endoscopic index of severity. Another study failed to demonstrate any significant change in fecal calprotectin levels in patients who responded to medical therapy; 64 however, these studies had a limited sample size. Fecal calprotectin is increasingly used as an objective measure of inflammation in clinical trials of novel therapeutic agents. 65, 66 There are data supporting the use of fecal calprotectin to predict relapse in CD. In a prospective multicentre study, Gisbert et al 67 demonstrated that CD patients who relapsed within one year had significantly higher fecal calprotectin levels at baseline with a low sensitivity (28%) but high specificity.
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Other Serological Markers
Anti-S. cerevisiae antibodies (ASCA) have been detected in patients with CD. Positive ASCA and negative perinuclear antineutrophil antibody (pANCA) in patients with colonic inflammation help in discriminating CD from UC. 68 ASCApositivity is associated with a higher risk of surgery. A greater titer of ASCA is also related to a greater risk of complications such as strictures and fistulas. 69, 70 Additional serum antibodies to microbial antigens have been described in CD, such as Escherichia coli anti-OmpC (outer membrane porin C), detected in about 50% of CD cases, anti-Pseudomonas fluorescens associated sequence 12 (anti-12), and anti-flagellinlike antigen (anti-Cbir1), the last being associated with small bowel fistulizing and stenosing disease. A meta-analysis evaluated the stratification powers of serum antibodies to microbial antigens in characterizing progression of CD and found that anti-OmpC had the highest power for the risk of both complications and surgery. 70 Sarikaya et al 71 demonstrated the role of Intestinal fatty acid-binding proteins (FABPs), a plasma and urine marker that indicates intestinal damage. In a preliminary study, on 74 patients with CD (41 active and 33 in remission) and 37 healthy controls, the levels of serum I-FABP of patients with active disease were statistically higher as compared to patients in the remission and control groups (P = 0.012 and P = 0.038, respectively). No statistically significant difference was observed among patients in remission and healthy controls (P = 0.145).
Thurner et al 72 investigated the occurrence of progranulinantibodies (PGRN-Abs) in IBD. PGRN is a secreted protein with strong anti-inflammatory effects, believed to be mediated by the direct inhibition of TNF receptors. PGRN-Abs were found in the sera of 23/141 CD patients (16.31%).
Microbiology
The role of stool cultures and search for ova and parasites and C. difficile toxins A and B to rule superinfections has been already reported; 73 especially, C. difficile must be searched in any patient hospitalized with a flare of colitis. Diagnostic tests looking for cytomegalovirus (CMV) [antigenemia or CMV-DNA by polymerase chain reaction (PCR)] should be carried out in cases of acute colitis refractory to steroids to rule out CMV infection. 74 
Laboratory Tests in Screening for Biologics
A panel of laboratory tests [markers for hepatitis B virus (HBV) and hepatitis C virus (HCV), HIV, and tuberculine tests] is recommended by current guidelines before starting biologics. 73 Viral markers should be searched to prevent viral reactivation, which, in the case of hepatitis B, can lead to fulminant liver failure. Chronic HBV is the most common chronic viral infection of the liver, and the prevalence of chronic HBV carriers the general population is about 2-7%. 75 The European Crohn's and Colitis Organization (ECCO) Guidelines report that "all IBD patients should be tested for HBV (HBsAg, anti-HBAbs, anti-HBcAb). In patients with positive HBsAg, viremia (HBV-DNA) should also be quantified. Since patients with positive HBcAb and negative HBsAg may have occult HBV infection, and reactivation of occult HBV rarely occurs with immunosuppressive therapy, viremia (HBV DNA) should be assessed every 2-3 months but antiviral therapy is not recommended unless HBV-DNA is detected".
Screening for HCV using antibody testing is also recommended. If positive, it should be confirmed by the detection of HCV RNA. This is important because of the potential risk of worsening liver function as a result of immunosuppressive therapy, concomitant infection with other viruses, (HBV/HIV), or by the potentiating the effects of hepatotoxic medications.
ECCO recommends also testing for HIV in adolescent and adult patients with IBD, based on reports of increased risk and severity of HIV-related infection in patients receiving immunomodulator therapy. 73 Screening for tuberculosis (TB) by tuberculin skin test (TST) or interferon-γ release assay (IGRA) aims at reducing the occurrence of TB reactivation in patients treated with TNF-α inhibitors. 76 The additive value of IGRA in TB screening remains unclear because, though reducing the rate of false-positive results, it has higher costs. 77 However, ECCO guidelines on opportunistic infections in IBD recommend "TB skin text or, better, interferon-γ assays (Quantiferon-TB) in all patients candidates to biologics". 68, 78 In the Western world, the estimated prevalence of latent TB is about 4.8%. 79 CD patients treated with anti-TNF-α have a 4-to 20-fold increased risk of reactivation of TB, with a mortality rate as high as 14%. [80] [81] [82] [83] [84] TST has a high rate of false-positive results due to the nonspecific nature of purified protein derivative and the booster phenomenon of serial TST testing. 85, 86 In a recent meta-analysis of nine studies comparing TST with different IGRAs, Shahidi et al 76 showed a modest to strong agreement between TST and IGRA. Concordance was affected by the Bacillus Calmette-Guerin (BCG) vaccination status, which increases the false-positive rate of TST. Thus, IGRA may have an additive value in IBD patients who are BCG-vaccinated. A recent cost-effectiveness analysis shows that among the multiple screening strategies-TST alone, IGRA alone, or both TST and IGRA-the use of IGRA in BCG-vaccinated individuals is the most cost-effective screening strategy. 87 Unfortunately, Helwig et al 88 demostrated that the result of Quantiferon-TB Gold testing in IBD patients is affected by corticosteroids and immunomodulators; in their study, nearly 28.9% had an indeterminate result of the Quantiferon test and the main predictor was combination therapy.
As far as thiopurines are concerned, Epstein-Barr virus (EBV) antibody status should be checked before starting therapy, and EBV-negative patients should not be treated because of the risk of EBV-related lymphoproliferative disorders.
73
Therapeutic Drug Monitoring
TNF-α inhibitors have dramatically changed the therapeutic scenario in IBD. IFX is a chimeric IgG1 monoclonal antibody consisting of human constant and murine variable regions, while adalimumab (ADA) is a recombinant fully human IgG1 monoclonal antibody; both are indicated for the induction and maintenance of clinical remission in patients with moderate to severely active CD. 34, [89] [90] [91] Anti-TNF's benefits include reduced rates of hospitalization and surgery and improvement of the quality of life. 92, 93 Unfortunately, 13% of patients/year for IFX and 20% for ADA lose response (secondary nonresponders), and up to 30% are primary nonresponders. 94 Loss of response (LOR) can be due to multiple factors, the most important being the appearance of anti-drug antibodies, a phenomenon known as immunogenicity, which increases drug clearance and ultimately contributes to treatment failure.
Monitoring of drug levels and anti-drug antibodies may allow the identification of patients in whom dose escalation or intensification is warranted and patients in whom a therapeutic switch within the class or out of class (also called swap; Fig. 1 ) is necessary, thus leading to a more appropriate and costeffective management strategy. 95 Consensus on trough level cutoffs related to clinical response is lacking. Most researchers agree that a level of 3 μg/mL for IFX is a marker of efficacy, 96 and some report that trough levels of 3-7 μg/mL 97 and 5-10 μg/mL 98 are the target levels for maintenance of remission. Trough levels can predict clinical response. In a subgroup analysis of the ACCENT 1 study, postinduction trough levels of IFX were related to sustained clinical response at week 54. There are several methods to measure IFX and ADA trough levels, the most used being a solid-phase, doubleantigen ELISA. Though simple, reproducible, and relatively cheap, this method has some pitfalls, such as its limited sensitivity in the presence of IFX in the serum and the inability to detect immunoglobulin 4 (IgG 4) ATI. Inconclusive results are not uncommon in the routine practice as well in the research setting (72% in the SONIC trial). 101 Other methods are a fluid-phase radioimmunoassay and a recent homogeneous mobility shift assay using high-performance liquid chromatography which has higher sensitivity and specificity for all immunoglobulin subclasses. 102, 103 Both techniques permit the measurement of ATI, even in the presence of IFX, but on direct comparison of these new methods with standard ELISA techniques, an improved performance could not be demonstrated. A modified ELISA, employing the anti-human λ antigen detection antibody (AHLC), was found more accurate in the detection of ATI in the presence of IFX, regardless of Ig subtypes. [104] [105] [106] [107] In patients with IBD, the negative effect that antibodies to IFX (ATI) and antibodies to ADA (ATA) have on clinical outcomes has been well established, [106] [107] [108] [109] [110] although some studies yielded discrepant results. 65, [111] [112] [113] [114] The discrepancy may be due to the different sensitivities of the employed assays but also to the presence of non-neutralizing antibodies and alternative ways of anti-TNF clearance. 115 In addition, the appearance of ATI may start with low titers not affecting the drug trough levels and progressively increase to high titers, leading to drug clearance. Also, the timing of investigation of ATI in the literature is different, from weeks before LOR to tests carried on after LOR has manifested. 116, 117 Moreover, transient ATI are frequently detected (up to 28% of patients). Their appearance is unpredictable and has no significant impact on LOR-free survival. 118, 119 In a landmark study, Baert et al 120 studied the immunogenicity of anti-TNF in a group of patients with CD on an episodic maintenance schedule. They found that 61% had detectable ATI after the fifth infusion, which did not increase after subsequent infusions. They found that those patients with ATI . 8.0 μg/mL before an IFX infusion had a shorter duration of response and a higher risk of infusion reactions.
Afif et al 121 looked at the clinical utility of measuring IFX levels and ATI in patients with LOR or an incomplete response to IFX. They found that most patients with ATI did not respond to IFX dose escalation, but those with no ATIs and subtherapeutic concentrations did benefit from a higher dose. With ADA, the experience is more limited. In an observational study, Karmiris et al 110 found that lower ADA serum trough levels were associated with drug discontinuation and that the presence of ATA was associated with lower ADA levels. Recent studies have found that detectable ATA and ADA levels of ,5 μg/mL are associated with higher CRP serum levels, increased endoscopic inflammatory activity, and the use of steroids. Another recent study measuring ADA trough levels by ELISA showed similar results. 110 The concomitant use of immunomodulators 122 (AZA, MP, or methotrexate) or hydrocortisone 123 increases anti-TNF trough levels. This can be explained by the reduction of immunogenicity and combined effect on the burden of inflammation.
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Thiopurine Metabolites
Thiopurines (6-MP and AZA) are the most common immunomodulators used in IBD. After absorption, AZA is converted to 6-MP by a nonenzymatic pathway (Fig. 2) . Measuring thiopurines metabolites has two main goals: to optimize dose and treatment efficacy and to reduce the risk of adverse events ( Table 2) . Metabolites that can be tested are 6-TGN and 6-MMP. 6-TGN has been associated with response to treatment. A 6-TGN level .230 pmol/8 × 10
8 Red blood cells (RBCs) has been correlated with clinical response and remission in both adults and children with IBD. 125 Increasing the drug dosage has been recommended in patients without clinical response and subtherapeutic 6-TGN levels to improve the response. 126 Unfortunately, another study including only adult patients failed to confirm this result. 127 Another indication for metabolite measurement is the evaluation of adherence to therapy, which is a main issue in long-term treatments. 128, 129 Thiopurine methyltransferase (TPMT) enzyme activity can also be measured, and a relationship with response to thiopurines has been suggested. The cutoff value of 35 pmol/h/mg correlated with the clinical response rate (81% vs 43%; P , 0.001). In an additional study, TPMT activity below 15.3 U/mL was significantly associated with a sixfold higher response rate to AZA. 130, 131 The risk of resistance is increased in patients with higher TPMT activity (OR, 0.21; 95% CI, 0.06-0.71; P = 0.009). Patient nonresponders with normal TPMT activity and high 6-TGN levels should be classified as refractory to thiopurines, and treatment should be discontinued. 132 AZA metabolite testing can also be used to prevent drug-related adverse events. Higher 6-MMP levels are related to hepatotoxicity, and levels above 5700 pmol/8 × 10 8 RBC have a threefold increased risk. However, positive and negative predictive values are not high enough since not all patients with high 6-MMP levels will experience an increase of liver enzymes, and having a low 6-MMP level does not preclude the development of liver damage. 131 As for 6-MMP, 6-TGN levels have limited accuracy in predicting the development of myelotoxicity.
Thiopurine metabolite levels should be tested two to three weeks after starting therapy or after dose optimization; they should be reassessed in case of LOR or adverse events or when drug interactions are suspected (concomitant therapy with 5-ASA or allopurinol). In addition, it would be useful to assess the metabolite levels twice a year to check adherence. 133 Measuring 6-TGN and 6-MMP levels, however, cannot replace monitoring of liver enzymes and blood count. This and the conflicting results of published studies explain the limited use of thiopurine metabolites in real life, confined to tertiary referral centers.
Genetic testing for TPMT polymorphism has been also suggested before starting thiopurines. Adverse events to AZA and 6-MP might develop suddenly and unpredictably. Thus, screening the patients for genetic susceptibilities to predict the risk of toxicity has aroused considerable interest. Genetic polymorphisms that account for reduced (heterozygote) or absent (homozygote) TPMT activity have been confirmed. Approximately 89% of the population has wild-type TPMT, which is associated with normal or high TPMT enzyme activity, while 11% are heterozygous and have low TPMT enzyme. One in 300 (0.3%) of the population is homozygous for mutations of TPMT, having negligible activity, which produces high levels of 6-TGN and consequently bone marrow suppression. Intermediate and normal metabolizers can have up to a threefold difference in initial target doses of AZA and 6-MP to achieve therapeutic 6-TG concentrations. In a metaanalysis published in 2010, 134 IBD patients with TPMT polymorphisms were confirmed more likely to experience adverse events, in particular bone marrow toxicity, but not hepatotoxicity and pancreatitis. The overall concordance rate between the genetic and phenotypic tests for TPMT was 71.6%. These pitfalls, together with the ethnic differences in polymorphisms and clinical observations that adverse events which can also be attributed to concurrent viral infections or drug interaction (aminosalycilates, allopurinol), limit the clinical relevance of genetic testing, and practice guidelines do not recommend its routine use.
Future Biomarkers
In the field of fecal biomarkers, a limitation to their routine use in clinical practice is their cost. A novel fecal marker, Lipocalin 2 (Lcn-2), could be a cost-effective substitute of calprotectin or lactoferrin. Lcn-2 and its human counterpart neutrophil gelatinase-associated lipocalin (NGAL) 135, 136 belong to a family of small secreted proteins expressed by a variety of cells, the richest source being neutrophils. Previous studies have shown systemic upregulation of Lcn-2 (also known as siderocalin, uterocalin, and 24p3) in various murine models of colitis. In mice, fecal Lcn-2 increases 10-fold in response to dextran sodium sulfate (DSS)-induced lowgrade/subclinical inflammation and 10,000-fold in response to DSS concentrations that induced histopathologically evident colitis.
In addition, human NGAL has been reported to be increased in patients with UC. The pro-inflammatory transcription factor NF-κB transactivates Lcn-2 expression by binding to the consensus motif within its promoter. Intestinal epithelial cells are one of the cell types in which Lcn-2 is highly induced, and in these cells most Lcn-2 is secreted apically (ie, luminally), so fecal Lcn-2 might also be a noninvasive marker of intestinal inflammation. As sample acquisition and preparation is very simple and stable, and all requisite reagents for fecal Lcn-2 assay via sandwich ELISA are commercially available at low cost, fecal Lcn-2 can be competitive when compared to other fecal markers such as calprotectin or lactoferrin.
New anti-glycan antibodies, 137 anti-GP2, and anti-GM-CSF are currently investigated for their impact on diagnosis, prognosis, and prediction of therapeutic ressponses. Antiglycan, anti-GP2, and anti-GM-CSF Ab are especially associated with CD and seem to be correlated with complicated disease phenotypes, progression to a more severe disease course, and a higher risk for IBD-related surgery. Anti-GP2 Ab could particularly contribute to better stratify cases of pouchitis.
Moreover, it is likely that future biomarkers will result from emerging molecular biology approaches, such as genomics, metagenomics, and transcriptomics, as already observed in other immune-mediated diseases, where they have directly impacted clinical care such as gene expression profiling of peripheral blood in heart transplant patients in monitoring for rejection 138 and proteomic profiling of blood plasmacytoid dendritic cells in systemic sclerosis patients. 139 In CD, polymorphisms in FOXO3 have been associated with more severe disease, but not with disease onset 140 and pharmacogenetics, though presently confined to the assessment of TPMT polymorphisms, is a promising field that will contribute to a better understanding of the molecular mechanisms of variability in response to drugs. MicroRNAs (miRNAs) 141, 142 are short, endogenous, noncoding single-stranded RNAs that have been highly conserved throughout evolution, and are involved in the control of gene expression at the post-transcriptional level. Their role has been recognized in the regulation of cell cycle, differentiation, proliferation, apoptosis, fibrosis, and immune function. MiRNAs have been found in tissues, serum, plasma and other body fluids. Serum levels are stable and reproducible, making them attractive as biomarkers. Distinct profiles of miRNA [143] [144] [145] [146] expression have been identified in IBD patients versus healthy subjects, as well as between UC versus CD, and between patients with active or inactive disease; serum levels have been also related to tissue levels. MiRNAs have been implicated in the modulation of pharmacological response, and a prospective clinical study has found a relationship between miRNAs and glucocorticoid response in patients with IBD. MiR-19-3p has been indicated as a potential circulating marker of stricturing CD. A suite of miRNAs, including miR-31-5p, miR-215, miR-223-3p, miR-196b-5p, and miR-203, could stratify patients with CD according to disease behavior and serve as reliable prognostic markers to drive therapeutic intervention. These findings suggest a potential translation of epigenetics and miRNA technology into clinical practice.
Conclusions
This review has explored the features, diagnostic accuracy, relevance, limits, costs, and future applications of biomarkers in CD. Besides offering a comprehensive and updated panoramics, the authors' aim was to stress that clinical scores and endoscopic and imaging procedures, in the era of treat to target strategy and of the emerging concepts of personalized care and precision medicine, 147 need to be supplemented by serum and fecal biomarkers both in the diagnostic workup of CD and in the assessment of disease activity, determining prognosis and monitoring therapeutic response. The ultimate goal of using surrogate markers is also the avoidance of excessive invasive procedures. The challenge of innovative biomarkers is to obtain a molecular characterization of the patient with CD, thus allowing stratification of patients according to disease phenotype and risk of complications.
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